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Abstract 
Thin films of different nickel phthalocyanine derivatives (NiPcR8, with R= -NHSO2(C6H4)CH3, -CH2N(SO2C6H5-
CH3)CH2(CH2)8CH3 and -NHCOCH2(CH2)9CH3) have been prepared by spin coating onto gold-coated slides and 
applied as active layers for the detection of pentachlorophenol (PCP) and semazine using Total Internal Reflection 
Ellipsometry (TIRE) technique. Solutions of pentachlorophenol and semazine in deionized water with different 
concentrations in the range 0.5-20 μg/l were used in the current study. It was demonstrated that PCP with minimum 
concentration of 0.70 μg/l could be detected with clear recovery in the Δ(λ) spectra on flushing the cell with 
deionized water. Simazine on the other hand has resulted in an irreversible response on all three derivatives of 
NiPcR8 active layers used in this study, with the minimum determined concentration of 1 μg/l in water. It has been 
demonstrated that the method used in this work has improved sensitivity over other methods such as surface Plasmon 
resonance. 
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1. Introduction 
The worldwide use of pesticides and herbicides for agricultural practices is considered as a global 
environmental pollution problem. Herbicides used in agriculture can be transported to surface or ground 
waters, possibly causing adverse ecotoxicological effects on aquatic life and affecting drinking water 
quality [1]. Pentachlorophenol (PCP) and simazine are included in the list of 33 priority substances in the 
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field of water policy established by the Water Framework Directive [2]. Toxicological evidence of the 
mutagenicity and carcinogenicity of simazine has attracted the attention of many cytogenetic studies [3-
5]. PCP is a xenobiotic causing great environmental concern. It has been commonly applied for many 
years as bactericide, fungicide, defoliant, herbicide, wood preservative and detergent supplement in soaps 
[6,7]. Monitoring of pesticides and herbicides at comparatively low concentrations, especially in drinking 
and natural waters, is a complicated and expensive task. The European Union has limited the maximum 
allowable concentration for a single pesticide to 0.1 ȝg/L [8], and their presence in different foods and 
drinks is also limited by legislation.  
In this work, thin films of nickel phthalocyanine derivatives (NiPcR8) with different substituents R=-
NHSO2(C6H4)CH3, -CH2N(SO2C6H5-CH3)CH2(CH2)8CH3 and -NHCOCH2(CH2)9CH3 are investigated as 
active layers of optical sensors for the detection of PCP and simazine in water. Using Total Internal 
Reflection Ellipsometry (TIRE) spectroscopy, response characteristics of NiPcR8 films to PCP and 
simazine were studied in the concentration range 0.5 to 20 μg/l.  
2. Experimental details 
The synthesis of nickel phthalocyanine derivatives with eight groups in peripheral positions (NiPcR8, 
with R= -NHSO2(C6H4)CH3, -CH2N(SO2C6H5-CH3)CH2(CH2)8CH3 and -NHCOCH2(CH2)9CH3) has 
already been reported [9,10]. Thin films of NiPcR8 were produced by spin coating of their solutions (5 
mg/ml) in chloroform using a photoresist spinner (Microsystem model 4000) and spun at a speed of 2500 
rpm. Details of TIRE method and the experimental setup used are found in earlier publications [11-12]. 
The spectra of the two ellipsometric angles Ψ and Δ, were recorded with the M2000V instrument in the 
spectral range 350–1000 nm using the rotating analyzer principle. Ψ and Δ respectively represent the 
amplitude ratio tg(Ψ) = Ap / As and the phase shift Δ =ϕp −ϕs between the p- and s- components of the 
polarised light. Optical parameters of the reflection system, i.e. thickness, refractive index and extinction 
coefficient of the substrate and the adsorbed layers, can be obtained by solving the reverse ellipsometric 
problem numerically: 
    
sp RRitg /)exp()( =Δ⋅Ψ
        (1)  
where Rp and Rs are the Fresnel reflection coefficients for p- and s- components of the polarized light 
related to the parameters of the reflection system, particularly the thickness (d) and refractive index (n) of 
the adsorbed layers, via Fresnel equations [13]. Dedicated WVASE321 software (J.A. Woollam) was 
used for TIRE data fitting. 
The samples for TIRE study were prepared by the evaporation of 3–5 nm of chromium on microscopic 
glass slides followed by the evaporation of 25–30 nm of gold film. Pentachlorophenol and simazine were 
obtained from Aldrich with 98% purity and their solutions in deionized water in the concentration range 
0.5-20 μg/l were used in study. After detection, deionized water was injected into the cell to remove 
adsorbed pesticide molecules from film surface. 
3. Results and discussion 
Typical spectra of Ψ(λ) and Δ(λ) in TIRE configuration for the film of NiPcR8 with R=-
NHSO2(C6H4)CH3 are shown in Figure 1 as an example. The Ψ(λ) spectra representing the Rp Fresnel’s 
amplitude resemble very much the conventional SPR curve. The Δ(λ) spectrum on the other hand, is 
related to the phase shift between the p- and s-components of polarised light. According to Arwin's 
modelling [14], the position of the sharp drop in the Δ(λ) spectra is about 10 times more sensitive to 
analytes adsorption than Ψ(λ) spectra and of course the conventional SPR curves. Here the phase angle 
changes very sharply from 270o down to -90o near the plasmon resonance. The enlargement of a section 
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of Δ(λ) spectrum (Figure 1) shows a larger shift in Δ(λ) curves as compared to Ψ(λ) in response to 
adsorption and specific binding of PCP. Further analysis and fitting of TIRE data were performed using 
Δ(λ) spectra. To study the response characteristics of NiPcR8-based sensor, the experiments were carried 
out for different concentrations of PCP and simazine in distilled water. The concentrations of PCP and 
simazine were varied from 0.1 to 20 μg/l. Figures 1(a) and 1(b) show a typical set of Δ(λ) spectra for 
NiPcR8 (R= -NHSO2(C6H4)CH3)  films in water and PCP and simazine solutions with concentration 1 and 
10 μg/l, for each analyte. The initial response time of the sensor was about 0.5 minutes; however the 
spectra were measured 5 minutes after injection of pesticide solutions to establish equilibrium conditions. 
 
 
Fig. 1. (a) - Ψ(λ) and Δ(λ) TIRE spectra of NiPcR8 with R= -NHSO2(C6H4)CH3 coated Cr/Au films in water (1); after injection of  
PCP solution of 1 μg/l (2) and 10 μg/l (3) concentration;  after flushing with water (4); (b) - Ψ(λ) and Δ(λ) TIRE spectra of NiPcR8 
with R= -NHSO2(C6H4)CH3coated Cr/Au films in water (1); after injection of simazine solution of 1 μg/l (2) and 10 μg/l (4) 
concentration; after flushing with water (3, 5). The enlarged sections of Δ(λ) spectrum are shown above.  
 
Fitting of the experimentally registered spectra of Δ(λ) was carried out using a four-layer model 
consisting of, aqueous solution, organic layer, gold film, and BK7 glass. Firstly, the optical parameters 
(film thickness d, refractive index n and extinction coefficient k) of Cr/Au layer were found by fitting the 
respective Ȍ(Ȝ) and ǻ(Ȝ) data for bare Cr/Au coating. The parameters of the organic layer were then 
determined by fitting respective Ȍ(Ȝ) and ǻ(Ȝ) spectra by fixing parameters of the Cr/Au layers. 
Parameters of all layers obtained by fitting are given in Table 1. The values of n and k are given at Ȝ = 
633 nm, although the fitting was performed over the entire measured spectral range. The Cauchy 
dispersion function was deployed for the fitting of the adsorbed phthalocyanine layer [15]. 
 
Table 1. Changes in the optical parameters (at 633 nm) of NiPcR8 layers caused by adsorption of pentachlorophenol and simazine 
from their solutions with concentration of 1 μg/l. 
 
 
R=-NHSO2(C6H4)CH3 R=-CH2N(SO2C6H5-CH3)CH2(CH2)8CH3 R=-NHCOCH2(CH2)9CH3 
n k d, nm n k d, nm n k d, nm 
Initial film 1.431 0.082 28.01 1.490 0.075 26.15  1.525 0.093 30.22 
After treatment 
in PCP solution 
1 μg/l 
1.441 0.086 29.76 1.575 0.078 26.72 1.534 0.096 31.35 
After treatment 
in simazine 
solution 1 μg/l 
1.438 0.086 29.34 1.562 0.077 26.65 4.532 0.096 31.07 
 
The interaction between PCP and NiPcR8 films, with R = -NHSO2(C6H4)CH3 demonstrated the best 
optical response in this study. The minimum registered concentration of PCP was 0.70 μg/l. A clear 
(b) (a) 
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recovery in the Δ(λ) spectra and subsequently in the values of n and d on flushing the cell with deionized 
water was observed for the whole range of investigated concentrations of PCP solution. The interaction of 
all three phthalocyanines with simazine was irreversible even for very low concentrations as shown in 
Figure 1(b). The minimum determined concentration of simazine in water was 1 μg/l. The detection limit 
is about 7-10 times higher than the 0.10 μg/l European Community (EC) health advisory threshold value 
for all herbicides in drinking water supplies [2]; however the sensitivity of the current technique is 
comparatively good and may be used for detection of surface and river waters. This sensitivity is 
comparable to that of the spectrophotometric detection method of pentachlorophenol in water using 
immobilized and water-soluble porphyrins described in the literature [16,17]. Furthermore, the 
application of phthalocyanines as active layers in the proposed TIRE detection technique spares the 
necessity of preparing special buffer media for carrying out the measurements. This adds a significant 
advantage to the use of this technique in comparison to several SPR-and TIRE-based techniques used for 
similar application. 
Conclusion 
Total internal reflection ellipsometry (TIRE) technique has bee employed as an optical detection method 
to monitor the presence in low concentrations of pentachlorophenol (PCP) and semazine in water. Thin 
films of NiPcR8 with three different peripheral substituents were used as active layers to monitor these 
herbicides, where PCP demonstrated reversible interaction with minimum concentration of 0.7 μg/l. In 
the case of simazin an irreversible shift in the Δ(λ) spectra was observed for all three PC derivatives with 
minimum detection limit of 1 μg/l.  
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